In this paper, we investigate the effect of cutting speed on flank wear, crater wear and finished surface roughness during hobbing using an uncoated tool, and TiN-and (Al,Ti)Ncoated tools with a minimal quantity lubrication (MQL) system. The experiments were conducted by simulating hobbing by fly tool cutting on a milling machine. The results helped clarify the following points. (1) With the uncoated tool and the TiN-coated tool, the flank wear increases upon increasing in the cutting speed from 47 m/min to 86 m/min. Conversely, flank wear decreases at the higher speed of 117 m/min. It was impossible to cut at 159 m/min owing to the failure of the cutting edge. With the (Al,Ti)N-coated tool, the flank wear showed nearly the same small value, irrespective of cutting speed. (2) The cutting speed also has a large effect on crater wear, particularly for the TiN-and (Al,Ti)N-coated tools. The cutting speed of 117 m/min is suitable for decreasing crater wear. (3) The finished surface roughness is small for all the tools used in this test for cutting speeds less than 86 m/min, after which it becomes large because of the adhesion of deposited metal at cutting speeds more than 117 m/min. When using the TiN-and (Al,Ti)N-coated tools, there is a critical cutting groove length, at which the surface roughness decreases rapidly.
Introduction
In general machining processes, cutting oil has been used to increase tool life and decrease finished surface roughness. When using cutting oil, however, environmental problems, such as deterioration of the working environment caused by mist and smoke generated from oil during cutting, and pollution induced by deleterious materials generated when oil is destroyed by fire, have become a matter of great concern. Thus, it is necessary to reconsider the use of cutting oil. Environmentally conscious machining systems that use water-soluble cutting fluids and dry cutting (1) have recently been developed. General hobbing, using a hob made of high-speed steel (HSS), on which a large amount of cutting oil is flooded, has been used extensively. The use of the cutting oil in hobbing has been considered indispensable because of the higher productivity and accuracy obtained. Chlorine components as extreme pressure (EP) additives for hobbing had been used to improve the cutting performance, e.g., by reducing tool wear (2) . However, they changed into deleterious materials such as dioxins and hydrochloric acid when waste cutting oil was burnt. Hence, the use of the cutting oil containing chlorine components has been eliminated because of its environmental damage.
Recently, the advance in coating technology has made dry hobbing without the need for cutting fluids possible owing to the development of new coating films with improved thermal resistance and wear resistance. However, further study is required to ascertain whether it is possible for dry hobbing to be applied to all kinds of gear materials, and to all hobbing methods and conditions. Since many problems have still not been solved, e.g., scratch marks on the surface of gear teeth and problems of dimensional accuracy, as well as those of the scattering and disposal of the cutting chips, dry hobbing has not yet be-come widespread.
Semi dry machining operations, which are more environmentally friendly, are comparable to dry cutting which would be the best solution to the environmental issues, and already play a significant role in a number of practical applications such as turning, milling and drilling (3) . Minimal quantity lubrication (MQL) machining systems, which can provide both cooling and lubrication with an extremely low quantity of cutting oil and a large volume of air, have been accepted as a successful semi dry application. MQL is not only a more environmentally conscious new machining method, but also shows a good cutting performance, such as in drilling and reaming operations, in which a negligible amount of cutting oil penetrates into the cutting zone. In addition, MQL is advantageous in terms of cost. However, there have been few reports (4) , (5) on hobbing using the MQL system; thus, it is necessary to determine the effect of using MQL for hobbing.
In a previous paper, the authors investigated the influence of the quantity of oil supplied, using a typical commercial cutting oil, polyol ester, for MQL, and replacing hobbing with fly tool cutting on a milling machine (6) . As a consequence, it was suggested that when using TiN-and (Al,Ti)N-coated tools, corrosive wear takes place because flank wear increases with increasing quantity of oil supplied, and that abnormal wear occurs.
In this study, the optimal cutting speed for the MQL system in hobbing was investigated. Moreover, from the fact that corrosive wear is connected with temperature (7) , (8) , the tool wear mechanism of coated tools with various cutting speeds, that is, under different cutting temperature conditions, was investigated to determine the influence of polyol ester cutting oil on the corrosive wear of coated tools.
Experimental Method and Conditions
Tests were conducted by simulating hobbing by fly tool cutting on a milling machine. For the correspondence between hobbing and fly tool cutting, one of the authors has recognized that the results, e.g., flank wear and surface roughness, obtained by fundamental tests using a fly tool with flooded cutting oil (9) and under dry cutting conditions (10) , almost agree with those obtained by hobbing. Therefore, the experimental results of fly tool cutting using the MQL system seem applicable to hobbing on a hobbing machine.
The dimensions of the gear and the hob, which became the objects in the experiments, are listed in Table 1 . The experimental conditions for the milling machine are listed in Table 2 . Fly tool cutting was performed by upward milling. The tool used in these tests is formed from the HSS equivalent to JIS SKH55, and is a fly tool without coating, which we will refer to as an uncoated tool. Fly tools are also coated with TiN or (Al,Ti)N films by arc ion Table 1 Dimensions of gear and hob   Table 2 The same conditions as in the case of hobbing by fly tool cutting on milling machine Fig. 1 Wear at cutting edge plating and are referred to TiN-coated tools and (Al,Ti)Ncoated tools. The cutting tests were conducted without coating the rake face of the fly tools, because hobs are usually used without a coating on the rake face and are reground in workshops in many cases. The thickness of both coating films is about 5 µm. The work material is SCM415 (HB143) chromium molybdenum steel of 500 mm length, 100 mm width and 100 mm thickness. In the present experiments, the flank wear obtained using the uncoated tool was so large that a groove with a length of 1.5 m was cut during cutting on the milling machine, which corresponds to the hobbing of about 5 gears on the hobbing machine. When using the TiN-and (Al,Ti)N-coated tools, a groove with a length of 30 m was cut, which corresponds to the hobbing of about 98 gears. The cutting speeds used in the experiments were 47, 63, 86, 117 and 159 m/min. Figure 1 shows the wear at the tip of the tool. The widths of center wear, top corner part wear on the top cut- Table 3 Properties of cutting oil used in the test ting edge, and corner wear occurring at the boundary region between the rounded portion on the top cutting edge and the side cutting edge were measured with a microscope. The depth was measured at 25 points at intervals of 0.1 mm to obtain the profile of the crater, as shown in Fig. 2 , and the finished surface roughness Rz on the bottom of the cutting groove in the cutting direction was measured using a surface-measuring instrument. Moreover, photographs of flank wear, crater wear and examples of finished surfaces were taken. The milling machine used in the tests is the 2MF model (universal type) manufactured by Hitachi Seiki Co., Ltd. The MQL supply system is the FK-type external applicator produced by Fuji BC Engineering Co., Ltd.
The properties of the cutting oil for MQL used in the tests, which is a commercially available polyol ester, are given in Table 3 . The quantity of oil supplied of 15 mL/h, and compressed air pressure, 0.5 MPa, were selected on the basis of the results of the previous report (6) . The oil was supplied from the rake face side. Figure 3 exemplifies the reproducibility of flank wear obtained using the TiN-and (Al,Ti)N-coated tools after a groove with a length of 30 m was cut at 117 m/min. Although the center wear and the top corner part wear show a slight difference when using the TiN-coated tool, the reproducibility of the flank wear in these experiments is high. Figure 4 shows the influence of the cutting speed on the maximum flank wear, which is defined as the greatest out of the center wear, the top corner part wear and the corner wear. The length of the groove is 1.5 m for the uncoated tool and 30 m for the TiN-and (Al,Ti)N-coated tools. When using the uncoated tool, flank wear increases with an increase in the cutting speed from 47 m/min to 86 m/min, but the flank wear obtained at 117 m/min was almost the same as that obtained at 86 m/min. At the high speed of 159 m/min, cutting was impossible because the flank wear increased to close to 0.7 mm after cutting a groove with a length of 1 m. In the case of the TiN-coated tool, the flank wear increased with increasing cutting speed up to and including 86 m/min, similarly to the uncoated tool. In contrast, the flank wear decreased at 117 m/min. At 159 m/min, however, the flank wear reached about 0.7 mm after cutting a groove with a length of 5 m, which means it was impossible to cut a groove with a length of 30 m. For the (Al,Ti)N-coated tool, the flank wear showed nearly a constant value, irrespective of the cutting speed, in which cutting speed dependence is hardly recognized. The flank wear when using the (Al,Ti)N- Table 4 Characteristics of coating films coated tool is smaller than that when using the TiN-coated tool at all the cutting speeds tested. This is considered to be because the (Al,Ti)N film has higher hardness and better oxidation resistance compared with the TiN film, as shown in Table 4 . Moreover, as shown in Fig. 5 , the flank wear obtained using the MQL system is less than that obtained by dry cutting, in spite of the groove cut with MQL oil supply being longer than that in dry cutting. It is also possible to cut with the MQL system even at the high cutting speed of 159 m/min.
Experimental Results and Discussion

1 Flank wear
When the cutting speed is increased from 86 m/min to 117 m/min, no distinct difference in the flank wear was observed with the uncoated tool, and the flank wear decreased with the TiN coated tool. We will now discuss the reasons for these phenomena. Figure 6 shows the conditions of the cutting edge in an early stage of cutting (after cutting a groove with a length of 0.5 m), using the uncoated tool and the TiN-coated tool and cutting speeds of 86 m/min and 117 m/min. Although no adhesion of the deposited metal on the cutting edge can be seen for either cutting tool at 86 m/min, adhesion can be observed at 117 m/min. Therefore, it is assumed that because of the adhesion of the deposited metal, the progress of tool wear is prevented owing to its protective activity (11) , (12) . Furthermore, with the uncoated tool, the flank wear around the center portion of the top cutting edge is greater at 117 m/min compared with 86 m/min. This is considered to be because the cutting chip around the center of the top cutting edge is thickest at the cutting edge (13) , which loads the cutting edge heavily, resulting the large flank wear. However, the width of maximum flank wear at 117 m/min is almost the same as that at 86 m/min, as shown in Fig. 4 . Figure 7 shows the conditions of flank wear on the top cutting edge and side cutting edge for the uncoated tool at various cutting speeds. The length of the groove is 1.5 m. Both on the top cutting edge and on the side cutting edge, when changing the cutting speed from 47 m/min to 86 m/min, neither a distinct difference in the flank wear pattern between the two cutting speeds nor chipping is observed. Consequently, this flank wear is thought to be caused by abrasive wear. Deltoid corner wear also occurs at the boundary region between the rounded portion on the top cutting edge and the side cutting edge. On the other hand, a large amount of flank wear occurs on the top cutting edge, and the area of flank wear is extended from the rounded portion to the side cutting edge at cutting speeds of more than 117 m/min. Thus, it is considered that the flank wear is a transfer-type wear (14) , or welding wear (15) , which occurred owing to the seizure of the substrate caused by the tearing off of the deposited metal from the cutting edge, because adhesion of the deposited metal was observed along the cutting edge.
The conditions of the flank wear of the TiN-coated tool are shown in Fig. 8 . The groove length is 30 m. As cutting speed increases from 47 m/min to 86 m/min, the mechanical abrasion on the top cutting edge (displacement of the cutting edge, see Fig. 9 ) increases, but at 117 m/min, it conversely decreases. At this speed, flank wear is dominated by the abrasive wear pattern. At the high cutting speed of 159 m/min, however, abnormal wear occurs after cutting a groove with a length of 5 m. This seems to be due to transfer-type wear or welding wear caused by the tearing off of the deposited metal from the cutting edge, because of the adhesion of the deposited metal along the cutting edge. The chipping occurs on the side cutting edge when the cutting speed is increased from 47 m/min to 86 m/min. In particular, at 86 m/min, abnormal wear, which is considered to develop from the chipping or the delamination of the coating film, is observed. Abnormal wear occurs on the side cutting edge due to brittle fracture, and the wear pattern is considerably different from that on the top cutting edge. The reason for the difference in the wear pattern between on the top cutting edge and on the side cutting edge is considered to be that the contact pressure between the cutting edge and the work material increases as cutting speed increases, which is due to the rubbing of the tool on the machined surface for a short time after the cutting edge comes into contact with the work material, because thinner cutting chips are cut out on the side cutting edge compared with the top cutting edge. Furthermore, from the fact that abnormal wear increases with an increase in the cutting speed, that is, at a higher cutting temperature, a corrosive reaction between the ester and the coating film becomes conceivable under these cutting conditions, as suggested in the previous paper (6) . At the cutting speed of 117 m/min, the flank wear seems to have an abrasive wear pattern without the occurrence of chipping. As shown in Fig. 6 , the adhesion of the deposited metal on the cutting edge was recognized at the beginning of cutting at this speed; thus, it is inferred that chipping is prevented because of the protection by the deposited metal. Although a groove length of only 5 m was cut at the high speed of 159 m/min, it is assumed that abrasive wear is the predominant wear, because there was no adhesion of deposited metal on the side cutting edge. Figure 10 shows the conditions of the flank wear of the (Al,Ti)N-coated tool after cutting a groove with a length of 30 m. Chipping is observed in the range between the rounded portion and the side cutting edge at the low cutting speeds of 47 m/min and 63 m/min, which causes little damage, but the large chipping does influence the tool life. On the other hand, at cutting speeds of 86 m/min or more, abrasive wear, in which chipping hardly occurs, is predominant, although the displacement of the cutting edge is large. With the (Al,Ti)N-coated tool, no change in corrosive reaction between the ester and the coating film was observed upon changing the cutting speed.
2 Crater wear
It seems that cutting speed has a greater affect on performance at the rake face than at the flank face, because of the high temperature and high pressure caused by the direct contact between the rake face and the cutting chips. Moreover, since the oil must penetrate to the contact surface between the rake face and the cutting chips in opposition to the direction of cutting chip flow, it is expected that the penetration of oil to the rake face is more difficult compared with penetration to the flank face. Figure 11 shows the influence of cutting speed on the maximum depth of crater wear after a groove with a length of 1.5 m is cut with the uncoated tool, and a groove with a length of 30 m is cut with the TiN-and (Al,Ti)N-coated tools. The maximum depths of the crater wear among the 25 measurement points, as shown in Fig. 2 , were compared. In the case of the uncoated tool, as the cutting speed increased from 47 m/min to 86 m/min, there was no difference in the depth of crater wear, which is small owing to the short groove length of 1.5 m. At the cutting speeds of 117 m/min or higher, it was impossible to measure the depth of crater wear because of the adhesion of deposited metal in the region of crater wear. When using the TiN-and (Al,Ti)N-coated tools, the depth of crater wear increases with an increase in the cutting speed from 47 m/min to 63 m/min. In contrast, the depth of crater wear decreases with increasing cutting speed from 63 m/min to 117 m/min.
The reason for this behavior is considered to be due to the protective activity of the deposited metal. Asakura has reported that in the case of dry cutting, the structure of the cutting chips, which is transformed under high temperature and high pressure, cannot maintain its strength against the friction and the sliding force between the rake face and the cutting chip, and chips become easily to be divided into sections. Thus, it is assumed that a part of the structure of the cutting chip adhered to the rake face, that is, the deposited metal acts as a protective lubricant (16) . Furthermore, Yoshimura has reported that the deposited metal protects the rake face, because the adhesion of the deposited metal on the crater wear area was observed on the cross section of the cutting tool during dry cutting (17) . From the above research, it is inferred that the crater wear obtained at the cutting speed of 117 m/min is less than that obtained at 63 m/min, owing to the protective activity of the deposited metal in the MQL system which is similar to that of dry cutting. Although the crater wear could not be measured, owing to the adhesion of deposited metal, when using the TiN-coated tool at the high cutting speed of 159 m/min, the crater wear obtained at 159 m/min with the (Al,Ti)N-coated tool increased compared with that obtained at 117 m/min. Figure 12 shows the conditions of the rake face of the (Al,Ti)N-coated tool after cutting a groove of 0.5 m at 63 m/min and 117 m/min. At 63 m/min, adhesion of the deposited metal was not observed on the rake face. At 117 m/min, however, it was observed on almost the whole area of the contact surface, resulting in the protection against crater wear by the deposited metal. Figure 13 shows the conditions of the rake face of the uncoated tool upon changing the cutting speed. The length of the groove is 1.5 m. At speeds of 47 m/min and 63 m/min, there is no metal deposited and a mark, caused by the rubbing of the cutting chips (this is abbreviated to a "rubbing mark") on the rake face, is clearly recognized. At 86 m/min, the rubbing mark is observed in the vicinity of the cutting edge, but the deposited metal seems to adhere far from the cutting edge. At 117 m/min and 159 m/min, the deposited metal is recognized over the whole region of the contact surface, and in particular many deposited metals are produced at 159 m/min.
The conditions of the rake face of the (Al,Ti)N-coated mark is observed near the cutting edge, the deposited metal adheres to some parts of the crater. The adhesion of the deposited metal far from the cutting edge is confirmed, and the rubbing mark is recognized near the cutting edge at 117 m/min. At 159 m/min, a mark, caused by seizure of the substrate is seen (this is referred to as a "seizure mark"). This is considered to be caused by the tearing off of the deposited metal when the cutting chips are discharged. We have shown that the deposited metal has a strong influence on the crater wear with increasing cutting speed. Figure 15 shows the profiles of maximum crater wear at the positions of a perpendicular line drawn on the rake face shown in Fig. 14 . At 47 m/min, although the crater has a smooth surface without the adhesion of deposited metal, the displacement of the cutting edge becomes approximately 0.08 mm in width. No deposited metal is observed on the crater surface even at 63 m/min, but the depth of crater wear increases compared with that at 47 m/min, and the deepest portion is closer to the cutting edge. In spite of the larger displacement of the cutting edge of about 0.15 mm, a cutting edge still remains. From 86 m/min to 117 m/min, crater wear becomes shallower than that at 63 m/min, but the cutting edge tends to disappear, and its displacement is almost the same value as the depth of crater wear. In contrast, at 159 m/min, the adhesion of the deposited metal is recognized on the crater, the profile of which suggests that seizure has occurred, caused by the tearing off of the deposited metal, although a cutting edge still remains. Figure 16 shows the depth of crater wear at each mea- surement position of the rake face (see Fig. 2 ), in the case of using the (Al,Ti)N-coated tool shown in Fig. 14. At 47 m/min, although crater wear becomes shallow near the center of the rake face (measurement position 13), there is deep crater wear at the right and left positions, and crater wear decreases approaching the side cutting edges. The crater wear at 63 m/min is greater than that at 47 m/min at all measurement positions, and is deepest near the center of the rake face and decreases toward the side cutting edges. In the case of 86 m/min, crater wear is deepest near the center of the rake face and at the right-left nose rounded portions, and increases approaching the side cutting edges. At 117 m/min, crater wear is also deepest near the center of the rake face, but it decreases approaching the side cutting edges. At 159 m/min, although crater wear is shallowest near the center of the rake face, which is con- sidered to be due to the adhesion of the deposited metal, the condition of crater wear in the left-side region is different from that in the right-side region, where the crater wear is deep, which is assumed to be due to the tearing off of the deposited metal. The reason why there is an area where the crater wear becomes small at cutting speeds more than 86 m/min is assumed to be because of the protective activity of the deposited metal. Figure 17 exemplifies the profile of the crater wear at measurement position 6 at the cutting speed of 117 m/min shown in Fig. 16 . The deposited metal adheres on the crater, which is considered to prevent the progress of crater wear. Figure 18 shows the influence of the cutting speed on the finished surface roughness Rz when using the uncoated tool. The surface roughness is excellent; the roughness is approximately 2 µm for cutting speeds from 47 m/min to 86 m/min. At more than 117 m/min, however, roughness becomes 20∼30 µm. The surface roughness seems to be significantly related to the adhesion of the deposited metal on the cutting edge. As seen from Fig. 13 , there is little deposited metal on the cutting edge until 86 m/min, but the adhesion of deposited metal is recognized on the cutting edge at cutting speeds more than 117 m/min, at which the finished surface roughness became large. Figure 19 shows the progress curves of surface roughness, Rz, obtained upon changing the cutting speed using the TiN-coated tool. Rz is 2.0∼5.0 µm throughout the cutting of a 30 m groove for cutting speeds between 47 m/min and 86 m/min. At 117 m/min, however, although Rz is 22∼28 µm up to a groove length of 5.5 m, the surface roughness decreases rapidly to 3.0 µm after cutting a groove length of 6 m, and after that, the surface roughness maintains almost the same value until the groove length is 30 m. The reason why the surface roughness decreases suddenly is assumed to be related to the crater wear, that is, when the crater wear width increases, the working rake angle becomes large, which smoothes the flow of the cutting chips, resulting in a decrease in the amount of deposited metal. At 159 m/min, only a groove of 5 m can be cut because the flank wear becomes large. Rz is 12 µm at the beginning of the cut, and after that, it increases. Figure 20 shows the progress curves of Rz obtained upon changing the cutting speed using the (Al,Ti)Ncoated tool. Rz is 2.0∼3.0 µm throughout the cutting of a 30 m groove for cutting speeds between 47 m/min and 86 m/min, and is smaller than that obtained using the TiNcoated tool. At more than 117 m/min, however, Rz is 25∼28 µm at the beginning of the cut, but a rapid decrease in surface roughness occurs after cutting a groove with a length of 3 m at 117 m/min, and after cutting a groove with a length of 6 m at 159 m/min. After that, Rz is maintained at 2.0∼3.0 µm until the groove length is 30 m. Figure 21 exemplifies the conditions and profiles of the finished surface at the cutting speed of 117 m/min when using the (Al,Ti)N-coated tool. From the upper picture of this figure, although the machined surface deteriorates because of the deposited metal and the cutting chips adhering to the cutting edge up to the cutting of a groove of 2.5 m, the revolution marks can be seen at almost the 
3 Finished surface roughness Rz
Conclusions
From fly tool cutting tests, which simulated hobbing, the influence of the cutting speed, when using with an MQL system, on the flank wear, the crater wear and the finished surface roughness was experimentally determined using an uncoated high-speed steel (HSS) tool and TiNand (Al,Ti)N-coated HSS tools. As a consequence, the following points were clarified.
( 1 ) For the uncoated tool and the TiN-coated tool, the flank wear increases with increasing cutting speed from 47 m/min to 86 m/min. At 117 m/min, the flank wear obtained using the uncoated tool does not increase, but that obtained using the TiN-coated tool decreases. At 159 m/min, it was impossible to cut a long groove because the flank wear increased to close to 0.7 mm in width for both cutting tools. On the other hand, when using the (Al,Ti)N-coated tool, the flank wear showed nearly a constant value, irrespective of the cutting speed.
( 2 ) For the uncoated tool, since the crater wear after cutting a groove with a length of 1.5 m is very small for cutting speeds up to and including 86 m/min, there is no difference in the depth of crater wear for different cutting speeds. At more than 117 m/min, it was impossible to measure the depth of crater wear owing to the adhesion of deposited metal on the region of crater wear. Using the TiN-and (Al,Ti)N-coated tools, the crater wear increases with increasing cutting speed from 47 m/min to 63 m/min, but conversely, it decreases with increasing cutting speed from 63 m/min to 117 m/min. At 159 m/min, the crater wear could not be measured due to the adhesion of deposited metal when using the TiN-coated tool, whereas the crater wear in the case of the (Al,Ti)N-coated tool increased compared with that obtained at 117 m/min.
( 3 ) Although the finished surface roughness is small for all cutting tools used in this test up to cutting speeds of 86 m/min, roughness becomes large owing to the adhesion of deposited metal at cutting speeds more than 117 m/min. However, when using the TiN-and (Al,Ti)N-coated tools, there is a groove length at which the surface roughness decreases rapidly, and after that, it remains small. ( 4 ) When using the (Al,Ti)N-coated tool, it is possible to cut at 159 m/min using the MQL system.
